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schizont-infected erythrocytes and surface reactive an-Mats Wahlgren,* Victor Fernandez, Qijun Chen,
tibodies form clusters or agglutinates when they areStaffan SvaÈ rd, and Per Hagblom
mixed (SICA assay). In the human malaria parasite P.Microbiology and Tumor Biology Center
falciparum, antigenic variation and switching has beenKarolinska Institutet and
attributed to P. falciparum erythrocyte membrane pro-Swedish Institute for Infectious
tein 1, PfEMP1, encoded by the var genes (Baruch etDisease Control
al., 1995; Su et al., 1995). The SICA antigens, much likeS-171 77 Stockholm
PfEMP1, are produced by the intracellular parasite andSweden
are transported through the erythrocyte cytoplasm to
the erythrocyte surface; that they are only soluble in
ionic detergents suggests their stable insertion into the
Parasites that proliferate in restricted ecological niches host cytoskeleton. PfEMP1 is an important adhesin me-
such as Plasmodium spp. and those that repeatedly diating binding to both the vascular endothelium and to
meet the immune system afresh like Giardia lamblia vary uninfected erythrocytes evident in the sequestration of
their contact surfaces with the host by necessity in order infected erythrocytes in the microvasculature of the hu-
to colonize, divide, and transmit themselves. This is in man host (reviewed by Miller et al., 1994). Why P.
stark contrast to the ªwait and seeº strategy of microbes knowlesi has chosen to exhibit the SICA antigens to its
such as Toxoplasma gondii which use host immune rec- primate host is not clear as the infected erythrocytes
ognition as a means to stay dormant. do not sequester to a great extent. Regardless, it is
Plasmodium malaria parasites dwell in the midst of anticipated that the SICA antigens have an important
the immune system, in the bloodstream, where they function, and a speculative possibility is that they are
infect erythrocytes to grow and divide. For all of their homologous to other surface-located polypeptides than
asexual cycle, except a very short extracellular period, PfEMP1. Or is it so that PfEMP1 possesses still another
they develop inside erythrocytes where they are pro- function besides that of an adhesin?
tected from most effector mechanisms of the immune The SICA assay has revealed an extensive antigenic
system. Yet, the parasite exports polypeptides to the variability of the P. knowlesi-infected erythrocyte sur-
surface of the infected erythrocyte where it is open to face. Two SICA polypeptides are present on the infected
intense attack from the humoral immune system. The erythrocyte surface yet the size difference between
infected erythrocyte surface, its Achilles' heel, stimu- them is not large, not exceeding Mr 20,000. It was pre-
lates the production of specific antibodies that bind viously thought that the smaller of the two SICA polypep-
infected erythrocytes. The Plasmodium parasite has tides was a processing or degradation product of the
consequently devised means to vary these polypep- larger but that is not the case. Al-Khedery, Barnwell,
tides, and reappearing variants in chronic malaria infec- and Galinski present in the February issue of Molecular
tions are always antigenically distinct from those of the Cell the identification and cloning of the first SICA anti-
parental parasite. A small proportion of the Plasmodium gen genes of P. knowlesi, termed SICAvar genes, by
change the immunodominant surface polypeptide(s) on analogy with the var genes coding for PfEMP1. They
the infected erythrocyte surface during each wave of show that the two SICA polypeptides are antigenically
fresh parasites (Brown and Brown, 1965; Roberts et al., distinct: antibodies raised to one of them do not react
1992) in order to allow the expansion of new variants with the other. The variability of the infected erythrocyte
when previous parasites are recognized and selected surface may therefore be due to changes of either one
against by the immune system. This varying serological or both of the two surface polypeptides. Both SICA poly-
response of the host reflects a fundamental element of peptides therefore seem to be involved in the deception
parasitism: antigenic variation. of the immune system. Yet sera raised in rabbits to the
Parasite Antigens Exposed on the Infected recombinant proteins of the SICA antigens did not have
Erythrocyte Surface agglutinating capacity, a phenomenon that has also
The schizont-infected cell agglutination (SICA) antigens been seen previously with antisera raised to recombi-
are polypeptides ranging in size from Mr 180,000 to nant PfEMP1. This might be interpreted as an indication
210,000, which are present on the Plasmodium knowlesi± that other antigens, besides the SICA antigens and
infected erythrocyte surface and are responsible for the PfEMP1, are involved in the agglutination reactions
antigenic variability of this parasite (Brown and Brown, caused by polyspecific rhesus or human sera produced
during natural infections. However, the lack of agglutina-1965; Howard et al., 1983). The SICA antigens are pro-
tion is, probably and simply, more likely due to the avid-duced by intracellular schizonts (dividing asexual late
ity, affinity, or isotype of the induced antibodies in thesestage parasites) but they only appear on the infected
animals.erythrocyte surface late during erythrocytic growth, a
The linear amino acid sequence of the SICA antigenscycle that occupies 24 hr (Howard et al., 1983). The
is very different from that of PfEMP1. There are multiplename SICA was derived from the fact that P. knowlesi
cysteine-rich domains in the SICA antigens but they do
not bear any resemblance to the cysteine-rich domains
of PfEMP1. Nor are they related to the duffy-binding* To whom correspondence should be addressed (e-mail: mats.
wahlgren@smi.ki.se). antigen families involved in merozoite invasion of P.
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be a way to further generate diversity of the SICAvarTable 1. Structural and Functional Comparison of the Infected
gene family repertoire, in a process unrelated to anti-Erythrocytes Surface Located SICA Antigen of Plasmodium
genic switching.knowlesi and PfEMP1 of Plasmodium falciparum and Their
var Genes Switching of Surface Antigens
Many microbial pathogens, including the malaria para-PkSICA PfEMP1
sites, have been suggested to vary the antigens critical
Multi exon/intron var gene structure 1 2 for survival through a process of spontaneous random
Number of var genes many .50
switching within a family of genes, from one gene toUbiquitous transcription of all var 1 1
another, revealed by the removal of the previous anti-genes in early stages
Variation by induction ? 2 genic variant by the immune system (Figure 1). This has
Spleen-dependent expression 1 1 been reported to occur within gene families encoding
Polypeptide species/cell 2 1 different microbial surface antigens, for example the
Solubility in nonionic detergent 2 2 variable surface glycoproteins (VSGs) of trypanosomes,
Adhesivity ? 1
the variable surface proteins of Giardia, the lipoproteinsPutative signal peptide 1/2 2
of borrelia, and the Pilins of Neisseria. SpontaneousDuffy-binding like (DBL) domains 2 1
Cystein rich domains 1 1 switching variants of cloned P. falciparum with changed
Putative cytoplasmic domain 1 1 adhesive and antigenic phenotypes, in association with
encoded by terminal exon different PfEMP1s, have also been generated in vitro
(Fernandez et al., 1998) and switching has been found
to occur at a rate of about 1022 per generation during
falciparum or P. vivax. Thus, the SICA antigens and in vitro growth, an astonishingly high figure (Roberts et
PfEMP1 have in common the surface-location on the al., 1992). It should be noted that switching occurs in the
infected erythrocyte but differ in the number of polypep- absence of any immunological selection mechanisms
tides, in their primary structures, and in their putative acting at the level of the infected erythrocyte. Thus,
functions, which may suggest that the SICA antigens there is an overwhelming amount of data suggesting
indeed are only partially analogous to PfEMP1 (Table that random switching followed by selection is a general
1). It may be that they are also homologous to yet another strategy of microbial pathogens in generating variation.
family of P. falciparum polypeptides, or hypothetically, A fascinating peculiarity of the SICA antigen system is
the SICA antigens may be unique to P. knowlesi. Addi- that switching may be induced by antibodies reactive
tional surface-located polypeptides other than PfEMP1 with the SICA antigens at the schizont-infected erythro-
displayed on the P. falciparum±infected erythrocyte cyte surface (Figure 1). When rhesus monkeys that carry
have been described including the small rosettins (re- agglutinating antibodies were reinfected with homolo-
viewed by Wahlgren et al., 1999). The latter are of the gous parasites, these switched SICA antigens, while
same immunochemical characteristics as the SICA anti- parasites did not when monkeys were infected with a
gens, as they are composed of a polymorphic group of heterologous nonagglutinating strain (Barnwell et al.,
antigens that vary in size from one parasite to another. 1983). However, switching could also be explained, at
They are highly expressed on infected erythrocytes of least in part, by an inevitableÐand undetectableÐ
in vitro cultivated parasites and several rosettins may antigenic heterogeneity of the parasites in the challenge
be displayed together on the same infected erythrocyte. population. In any case, a potential serine/threonine pro-
In addition, two new families of genes (rifs, stevors), tein kinase phosphorylation site is located in the C termi-
which both belong to large multigene families with a nus of the SICA polypeptide and is suggested by Al-
total of 500 estimated genes, have also been recently Khedery et al. (1999) to take part in a signaling pathway
discovered in P. falciparum (Cheng et al., 1998; Gardner into the parasite. It is not trivial to be able to tickle the
et al., 1998). Their predicted sizes and their subtelomeric parasite from the outside as it is clearly intracellular,
gene locations, in proximity to the Pfvar genes, may behind three membranes, in an erythrocyte that lacks
suggest that they code for variable molecules in the the conventional cellular machinery. An induction signal
parasite, some of which may be present on the infected of the SICAvar genes to switch must consequently reach
erythrocyte surface. the inside via a series of signals initiated by an antibody
Multi±Exon/Intron SICAvar Gene Structure bound to an exterior antigenic moiety of the parasite.
The P. knowlesi SICA antigens are encoded by a 10- Hypothetically, a phosphorylation might occur at the
exon, 9-intron var gene structure that is quite unusual; cytoplasmic tail of the SICA antigen, which mediates a
a 2- or 3-exon structure is common for protein-encoding change transmitted through the erythrocyte cytoplasm,
genes in Plasmodium spp. (Gardner, et al., 1998). Only transversing the parasitophorous vacuolar membrane
a few other known Plasmodium genes have been found and space before reaching the parasite itself. The identi-
that are similarly organized, in contrast to the multi± fication of the SICA antigens and the availability of
intron/exon gene structure that is widespread only in monospecific antibodies should now allow Galiniski and
multicellular eukaryotes. Furthermore, the structure of colleagues to test whether a signal transduction path-
the SICAvar genes is different from that of the Pfvar way indeed exists in Plasmodium parasites, and whether
genes, which are organized in a 2-exon, 1-intron struc- they are capable of transmitting and inducing a switch
ture. The interesting multi-exon/intron structure of the to a new surface antigen gene within the next generation
P. knowlesi var genes may allow recombination of the of parasites. One prediction from their model is that the
A/T-rich introns with a subsequent shuffling of the ex- switching occurs in a programmed way; whether there
is a certain hierarchy in the switching between the genesons, as suggested by Al-Khedery et al. (1999). This could
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Figure 1. General Outline of the Suggested
Activation, Selection, and Switching Path-
ways of the var genes Encoding the SICA or
PfEMP1 Antigens in Plasmodium
SICA and PfEMP1 antigens are depicted as
squares, triangles, or ovals. Several var genes
at different chromosomal loci are activated
early in development (left). Through an unde-
fined process, a specific transcript is selected
leading to an exposed antigen (Ag) late in the
developmental cycle. More than 95% of the
parasites enter a default pathway reexpress-
ing the previous antigen. One or a few percent
of the parasites switch the surface antigens
randomly or possibly through an antibody-
or spleen-induced process. ªOffº switching,
which leads to the lack of surface antigens
on the infected erythrocyte, may also occur.
Red ovals represent erythrocytes; yellow,
green, white, or blue shapes represent Plas-
modium parasites.
of the SICAvar gene family is another question that regulation. Moreover, Pfvar gene expression apparently
does not occur from a unique site, as expressed Pfvarshould now be delineated.
Mechanism of var Gene Switching genes have been mapped to several different chromo-
somal loci. It has previously been reported that most (ifThe SICAvar gene repertoire is quite large in the P.
knowlesi genome, yet the SICAvar genes must be tightly not all) Pfvar genes are simultaneously expressed in in
vitro cultures of clonal parasites early during the intra-regulated as judged from the unique serological re-
sponse induced by each peak of parasites (Al-Khedery erythrocytic development, followed by the selection of
a single transcript when the parasite develops into aet al., 1999). Specific antibodies may induce a switch
in the SICA antigens but how does the parasite itself more mature parasite, i.e., trophozoite (Chen et al.,
1998). The selected transcript is translated and the prod-influence the replacement of one SICA antigen with an-
other? Little is known of what happens mechanistically uct, PfEMP1, is subsequently transported to the erythro-
cyte surface. In fact, the same is true for singly infectedin the switch. Deletions, transpositions, or recombina-
tions are infrequent during asexual growth of the para- erythrocytes where many Pfvar genes (but possibly not
all) are simultaneously transcribed. This suggests thatsite, although var gene recombination events do happen
regularly during meiosis in the mosquito. This is very the Pfvar genes, and maybe also the SICAvar genes,
are not duplicated or moved, but rather that there is adifferent from the VSG genes of trypanosomes, which
are dependent on a single active subtelomeric expres- local activation of each var gene at its own chromosomal
location. Al-Kehdery et al. (1999) mention that a ubiqui-sion site that is only used after duplicative translocation
of a previously silent VSG gene from a pool of z1000 tous activation of var genes may also occur in P.
knowlesi suggesting that extensive gene activationgenes. The data therefore suggest that Plasmodium
uses a different mechanism for switching from that of may be a way by which the parasite activates this gene
family in the genome. Importantly, it also suggests thatother microorganisms and argues that each var gene
has its own transcriptional regulation unit. both in vivo±propagated P. knowlesi and P. falciparum
from in vitro cultures show the same massive transcrip-While rapid switching occurs in the erythrocyte sur-
face antigens of P. falciparum at 2.4% per generation, tional activation early on in parasite development. How-
ever, the crux of the issue is why only one transcriptthe bulk of parasites, 97.6%, are still expressing the
same var gene in a clonal population (Roberts et al., survives to become translated; does this depend on the
stability of the RNA due to 59 or 39 alterations? Or, is1992; Chen et al., 1998; Fernandez et al., 1998). Thus,
the parasites must be predetermined to enter a default it merely due to an earlier onset of transcription with
subsequent higher concentration of the relevant RNA?pathway, which might be controlled at the genomic level
by genomic imprinting and cis-acting regulatory ele- Another speculative possibility is that the transport of
the relevant RNA represents the selection point, or itments. Al-Khedery et al. (1999) suggest that the regula-
tory motifs of the SICAvar system might be located in may be that a silencing mechanism acts during the de-
velopment of the parasite. In P. falciparum it was foundthe distal 39 end of the gene, as a rearrangement has
been found in the most downstream intron of the ex- that genes that are normally only transcribed in mos-
quito-stage sporozoites were also activated, in the asex-pressed gene but not in those SICAvar genes that are
not. Similar changes have not been observed when ual stages of the parasite, suggesting the occurrence of
a more general, but transient, activation of the genomestudying the var genes of P. falciparum where fine scale
restriction mapping of each expression site has con- (Chen et al., 1998; Scherf et al., 1998). DNA alterations
such as those described by Al-Khedery et al. (1999;firmed that no major rearrangements occur at the tran-
scriptional site (Scherf et al., 1998). This suggests that see above) would force the parasite to enter a default
pathway, and if these alterations are unstable it could beneither recombinations, DNA modifications nor DNA re-
arrangements are major factors involved in Pfvar gene envisaged that the initial ubiquitous activation process is
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Miller, L.H., Good, M.F., and Milon, G. (1994). Science 264, 1878±relevant in both the switching maneuver and the exclu-
1883.sion of all alleles but one. Taken together, it may be
Roberts, D.J., Craig, A.G., Berendt, A.R., Pinches, R., Nash, G.,that an epigenetic mechanism is involved in the early
Marsh, K., and Newbold, C.I. (1992). Nature 357, 689±692.activation of the genome when chromatin-mediated
Scherf, A., Hernandez-Rivas, R., Buffet, P., Bottius, E., Bentar, C.,transcriptional silencing may be reversed by modifica-
Pouvelle. B., Gysin, J., and Lanzer, M. (1998). EMBO J. 17, 5418±tions of histones.
5426.
var Genes in the Wild
Scherf, A., Bottius, E., and Hernandez-Rivas, R. (1999). In Malaria:
The Pfvar gene repertoire can not be static in an area Molecular and Clinical Aspects, M. Wahlgren and P. Perlmann, eds.
where malaria is endemic, as DNA hybridization analysis (Amsterdam: Harwood Academic Publishers), in press.
has revealed that common groups of var genes are not Su, X.-Z., Heatwole, V.M., Wertheimer, S.P., Guinet, F., Herrfeldt,
shared between different parasites (Su et al., 1995). It J.A., Peterson, D.S., Ravetch, J.A., and Wellems, T.E. (1995). Cell
may be that the Pfvar gene repertoire is restructured or 82, 89±100.
expanded depending on the endemicity of the parasite Wahlgren, M., Treutiger, C.J., and Gysin, J. (1999). In Malaria: Molec-
ular and Clinical Aspects, M. Wahlgren and P. Perlmann, eds. (Am-in the location studied. If the transmission rate is high,
sterdam: Harwood Academic Publishers), in press.it is expected, for example, that the Pfvar gene repertoire
is significantly enlarged by frequent fusions of different
haploid genomes in the mosquito, while the opposite
might be true in pockets of restricted transmission. Self-
fertilization has been found to produce genetically dis-
tinct parasites as well (Scherf et al., 1999).
What's Next?
Breakthroughs in the molecular understanding of para-
sitism may lead to both new drugs and new vaccines.
PfEMP1 is a promising target candidate as its function,
critically affecting parasite virulence, is currently being
unveiled. Are the SICA antigens, or their counterpart in
Plasmodium falciparum, relevant targets? This might
indeed be the case as the antigens are available to the
immune system during a considerable period of the life
cycle. Since PfEMP1, and perhaps SICA antigens, are
involved in parasite sequestration, drugs designed to
block interactions with host receptors may revert bind-
ing in the microvasculature. The presence in sera of
agglutinating antibodies or opsonizing antibodies (which
enhance phagocytosis), which are reactive with the in-
fected erythrocyte surface, has been shown to correlate
with protection from lethal disease in several studies.
Furthermore, protection from the severe complications
of malaria is the first level of immunity that is established
during natural infections in endemic areas. Structurally
or functionally conserved domains within variable mole-
cules such as PfEMP1 and SICA antigens might there-
fore be crucial targets for the development of anti-malar-
ial vaccines. We'll have to find out.
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